An improvement in the method of production of embedding ab initio model potentials (AIMP) for embedded cluster calculations in ionic solids is proposed and applied to the oxides CeAlO 3 , CeO 2 , and UO 2 . The improvement affects the calculation of one of the AIMP components, the Pauli repulsion operator, which prevents the cluster electrons from collapsing onto the occupied orbitals of the host in embedded cluster calculations and, so, their over occupancy. The linear constants involved in such operator are proposed to be obtained in embedded cluster calculations in the perfect host, with the requirement that local structures calculated with working embedded clusters of relatively small size agree with those calculated with reference embedded clusters of much larger size.
I. INTRODUCTION
The embedding ab initio model potentials (AIMPs) for embedded cluster calculations in ionic solids have been proposed two decades ago 1 and succesfully applied in structural and spectroscopic, wave function based, quantum chemical studies of local defects created by transition metal and f -element impurities in a number of halides and oxides, both in their ground states and in large manifolds of excited states.
2,3
The most recent applications involve detailed interpretations and predictions of complex 5f -6d absorptions of actinide ions in solids under high pressure 4 and luminescence simulations of lanthanide based phosphors used in solid-state-lighting devices.
5
The embedding AIMPs are based on the group function theory of McWeeny and Huzinaga, [6] [7] [8] which allowed for an effective differentiation in the treatment of chemically active and inactive electrons in a molecule or a solid, and supported the development of both core and embedding effective model potentials. [9] [10] [11] The embedding AIMPs are made of the following terms: 1 the electrostatic potential created by an array of point charges located at the ionic sites (Madelung potential), the electrostatic potential created by the ionic electron clouds (electron Coulomb potential), the quantum mechanical exchange operator between cluster electrons (active) and environment electrons (inactive), and the quantum mechanical Pauli repulsion operator, which prevents the cluster electrons from collapsing onto the fully occupied orbitals of the solid host, so enforcing the fulfilment of the Pauli principle. This last operator has the form
where the index k runs over the occupied (frozen) orbitals of the host, φ k , and all the B k are positive constants that shift their orbital energies up, and so prevent their unexpected over occupancy in the self-consistent calculations on the embedded cluster.
The use of the frozen-orbital shifting operator,
as a practical means to enforce the fulfilment of the Pauli principle in frozen-orbital calculations, was proposed by method 14 and in the frozen-environment AIMP embedding method. 1 Although it was shown that the theory of frozen-orbital calculations justifies the use of arbitrary positive B k values when the calculations are performed at the basis set limit, 15 Höjer and Chung's recipe seemed to work well with truncated, practical basis sets. 2 A previous recipe of B k = −1.5 ε k was also succesfully in use.
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There is, however, a problem with the definitions of the frozen-orbital shifting constants, B k , in terms of the frozen orbital energies, ε k , in embedded cluster calculations. The problem is related to the fact that these orbital energies include the expected value of the electrostatic potential, and the electrostatic potential of an infinite periodic solid evaluated at any point is well defined except for an arbitrary shifting constant. 17 So, although the electrostatic potential map is unique, it can be shifted down and up in energy depending on the choice of unit cell taken for its calculation, as a consequence of it being calculated with a series which is conditionally convergent, and so, it may converge on different values depending on the rearrangement of its terms. 17 As a consequence of this, two different choices of unit cells which are replicated in order to produce the embedding potential in an embedded cluster calculation, may lead to two different sets of orbital energies of the frozen embedding orbitals, frozen-environment embedded clusters, the reference calculations on large clusters are made using flexible basis sets in the innermost region that corresponds to the small cluster and minimal basis sets for the outermost regions, which are represented by embedding AIMPs in the small embedded cluster calculation.
The B k -dependent terms and the entire embedding potentials so produced are expected to represent the Pauli repulsion and the embedding interactions within the host adequately and, by extension, to perform equally well in embedded cluster calculations when impurities and other kind of local defects are introduced in the host.
The new procedure to obtain corrected embedding AIMPs is described in detail in Sec. II.
Embedding AIMPs for CeAlO 3 , CeO 2 , and UO 2 have been computed following the new procedure and they are presented in Sec. III.
II. METHOD

A. Embedding AIMPs
The starting point of the embedding AIMPs is the application of the group function theory to two groups of electrons without mutual correlation [6] [7] [8] (the cluster and the host electrons in this case), according to which the many electron wave functions of the cluster under the effects of the embedding host can be computed out of the following embedded cluster Hamiltonian,
The last terms in Eq. 1 represent the following interactions of the cluster electrons: firstly, the electrostatic interaction with the host nuclei; secondly, the Coulomb and exchange interactions with the host electrons, whose charge density is represented by means of the occupied orbitals φ µ (with fractional occupancies f µ ); and thirdly, the Pauli repulsion with the latter (last term with positive values of B µ ), which is positive for non-converged cluster orbitals and prevents the collapse of these onto the host orbitals, and so their over occupancy, and is zero for fully converged cluster orbitals in the basis set limit. This embedded cluster
Hamiltonian can be used at any level of theory within the cluster. It mantains the cluster electron count since no charge transfer is formally allowed between the cluster orbitals and the environment orbitals.
The φ µ set in Eq. 1 can be any unitary transformation of the occupied host orbitals, so that both delocalized and localized orbitals can be used. In an ionic crystal, host lo- 
where the embedding AIMP of the host ion ξ readŝ
with:
so that the first term is the ionic point charge potential;
with the sets C ξ p and α ξ p chosen to minimize the deviations, so that the second term corrects the point charge potential with the electrostatic contributions from the ionic electron density;
and
with the S matrix defined by
so that the third term is the exchange interaction between the embedding electrons and the i-th cluster electron, in the form of a spectral representation (resolution of the identity).
In Eqs. 3, 6 and 7, the χ ξ p are a set of auxiliar functions; usually, these are the primitive Gaussians used to expand the ion orbitals ϕ ξ k . The B ξ k set in the last term are positive constants, whose calculation is the subject of this paper.
B. Self-consistent embedded ions
The first step in the calculation of the components of the embedding AIMP of an ionic solid made of monoatomic ions, like CeO 2 , is the self-consistent embedded ions procedure, SCEI. (An extension of the embedding AIMP method for multiatomic ions has been recently implemented, 19 but it will not be used in this work.) It starts with the assumption of an ionic limit for the host and with the identification of its ions; in the sample case these are Ce 
C. Frozen-orbital shifting operator
The B k constants in the frozen-orbital shifting operator of the embedding AIMPs,
will be tuned in embedded cluster calculations. In order to lead the tuning procedure, we recall that the true embedding potential that the embedding AIMP intends to mimic corresponds to an environment whose electrons occupy frozen orbitals which have been calculated at the SCF level. 1,7 Then, the best result we can expect out of an AIMP embedded cluster calculation on a system, at a given methodological level for the cluster, is one that coincides with another calculation on the whole system, where the cluster is treated at the same methodological level whereas the rest of the system is treated at a SCF level, with its orbitals frozen to the result of the SCF calculation on the whole system.
With this idea in mind, for a given host (e.g. We expect the embedding potentials so obtained to perform equally well than alternative potentials with B k constants tuned in more expensive, correlated small and reference embedded cluster calculations, as long as the correlation in the reference cluster is restricted to the inner region, because the AIMPs are designed to mimic the effects of the frozen embedding region and this would be the same in the SCF and in the correlated calculations. This will be illustrated later with SCF and second-order perturbation theory calculations.
D. Embedding self-consistency
After the first SCEI calculation (Sec. II B) and B k tuning (Sec. II C), the embedding orbitals ϕ ξ k and shifting constants B ξ k are not fully consistent. In order to make them so, iterative cycles are started consisting of a new SCEI calculation using the last tuned constants, followed by a new B k tuning. The cycles are stopped when the orbitals and constants do not change significantly.
III. RESULTS
We obtained the embedding AIMPs of CeAlO 3 , CeO 2 , and UO 2 , following the method described in Sec. II. All the calculations were performed with MOLCAS.
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For CeAlO 3 , we adopted the high temperature cubic perovskite structure, 21 Ce; in all of them, the orbitals used in the frozen-core AIMP and in the minimal basis sets were the atomic orbitals resulting from the previous SCEI calculation on the host.
The summary of the calculation of the frozen-orbital shifting constants B k of CeAlO 3 is presented in Table I . The full embedding AIMPs of this and the other hosts of this paper can be obtained from the authors upon request or on-line. 30 The B k 's of the SCEI calculation produce a less repulsive barrier than the correct Pauli repulsion and, as a result, the bond lenthgs obtained in the small cluster calculations before the B k tuning are too long. Increasing the shifting constants of some of the outer orbitals in the B k tuning step is sufficient to correct for this behaviour. After two cycles, the orbitals and the shifting constants used in the embedding potential are consistent. The SCF distances calculated in the reference and in the small clusters agree with the experimental ones within 0.01Å. Inclusion of dynamic correlation via second-order perturbation theory corrections (correlating all the valence electrons of the small clusters) shortens both distances, as expected, and slightly increases the deviations with experiment to around 0.02-0.03Å, or 1%, which is normal for the system and level of calculation. It is interesting to observe that, although the improved embedding potential has been calculated using a criterion of consistency of ground state SCF geometries of small and large clusters, the consistency is mantained at the correlated level, PT2. In order to check that the consistency extends to excited states of the same and of different configurations, we present in Table II the results of the bond lengths of the 2 T 1u , 2 T 2u , and 2 A u states of the 4f 1 configuration of Ce 3+ centered clusters, as well as on the 2 E g and 2 T 2g states of the 5d 1 configuration. As it can be seen, geometries and transition energies computed with the large and the small embedded clusters largely agree.
CeO 2 has the fluorite structure (O 
IV. CONCLUSIONS
In this paper, we propose a method to produce improved embedding ab initio model potentials for embedded cluster calculations in ionic solids and we apply it to three oxides, namely, the cubic perovskite CeAlO 3 and the CeO 2 and UO 2 hosts with fluorite structure.
The improvement with respect to the former version of the embedding AIMP method 
